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ABSTRACT
We present comprehensive experimental line lists of methane (CH4) at high temperatures ob-
tained by recording Fourier transform infrared emission spectra. Calibrated line lists are presented
for the temperatures 300 – 1400◦C at twelve 100◦C intervals spanning the 960 – 5000 cm−1 (2.0 –
10.4 µm) region of the infrared. This range encompasses the dyad, pentad and octad regions, i.e.,
all fundamental vibrational modes along with a number of combination, overtone and hot bands.
Using our CH4 spectra, we have estimated empirical lower state energies (Elow in cm
−1) and our
values have been incorporated into the line lists along with line positions (ν˜ in cm−1) and calibrated
line intensities (S′ in cm molecule−1). We expect our hot CH4 line lists to find direct application in
the modeling of planetary atmospheres and brown dwarfs.
Subject headings: Emission spectra; Infrared; Molecules (methane); Stars (cool, low mass); Brown dwarfs;
Exoplanets; Atmospheric models; Line lists; Spectroscopic techniques
† It was brought to our attention that the supplementary
material of the original article (2012, ApJ, 757, 46) contained
a mistake. The correct data is presented here and is also avail-
able as an erratum (2013, ApJ, 774, 89, doi:10.1088/0004-
637X/774/1/89).
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1. INTRODUCTION
Methane (CH4) is the most fundamental alkane
molecule and is second only to CO2 in causing
climate change (IPCC 2007). The presence of
CH4 in the Earth’s atmosphere is a consequence of
both anthropogenic (e.g., landfills, rice cultivation,
waste water treatment) and natural sources (e.g.,
methanogens, wetlands, wildfires). CH4 can also
be found throughout the solar system (Karkoschka
1994) including the atmospheres of Jupiter, Saturn,
Uranus, Neptune and tentatively in the Martian at-
mosphere (Mumma et al. 2009). Titan, the largest
moon of Saturn, has a dense atmosphere which is
mostly made up of nitrogen but contains a relatively
large proportion of CH4 (approximately 1.4% in the
stratosphere; Niemann et al. 2005). The concen-
tration of CH4 is higher near the surface and it is
believed a methane cycle exists which leads to the
formation of liquid CH4 lakes (Stofan et al. 2007).
Interestingly, CH4 has also been observed in the
spectral energy distributions (SEDs) of cool sub-
stellar objects such as brown dwarfs (Cushing et al.
2006) and more recently in exoplanet atmospheres
(Swain et al. 2008; Seager & Deming 2010).
Cool stars and brown dwarfs are classified ac-
cording to the molecular features in the observed
SED (Bernath 2009). The cooler the object, the
more molecular signatures can be identified in the
SED (Kirkpatrick 2005). L dwarfs display near-
infrared electronic transitions of metal hydrides such
as FeH (Hargreaves et al. 2010) and weaker TiO
and VO bands (Geballe et al. 2002) which are more
commonly associated with M dwarfs (Leggett et al.
2001; Bernath 2009). T dwarfs contain significant
absorption due to H2O and CH4 (Cushing et al.
2006) and have been referred to as ‘methane dwarfs’
(Hauschildt et al. 2009) because methane is the
characteristic absorber. The newest category of
brown dwarf (Y class) has recently been observed
(Cushing et al. 2011) and displays characteristic
NH3 absorptions along with additional CH4 ab-
sorption. Given these band assignments, the SEDs
of brown dwarfs are complex and still contain nu-
merous unassigned features.
The study of exoplanets is relatively new, as
it was not until the mid-1990s that the first exo-
planet was discovered (Mayor & Queloz 1995). In
recent years, ‘hot-Jupiters’ are being discovered
at an increasing rate and Kirkpatrick et al. (2011)
were able to identify a further 100 using NASA’s
Wide-field Infrared Survey Explorer. It is now
possible to probe the atmospheres of exoplanets
(Charbonneau et al. 2002) by utilizing the natural
transit as the planet passes in front of its parent
star. The resulting flux undergoes a characteris-
tic ‘dip’ at specific wavelengths during the plan-
etary transit (Charbonneau et al. 2000) and from
the extremely small variations in the wavelength
dependence of the dips it is possible to determine
which molecules are present. By utilizing the transit
method, H2O (Barman 2008; Grillmair et al. 2008),
CH4 (Swain et al. 2008), CO (Swain et al. 2009b)
and CO2 (Swain et al. 2009a; Tinetti et al. 2010)
have already been identified. Currently this method
has only been successful for large hot-Jupiters, but
NASA’s Kepler mission is discovering ever smaller
planets which more closely resemble Earth, such as
Kepler-22b (Borucki et al. 2012). Exoplanets are
now thought to be the rule, rather than the ex-
ception, throughout the Milky Way (Cassan et al.
2012) and the ultimate exoplanet goal is to de-
tect the distinctive signatures of extra terrestrial life
through observation of the atmospheres of these dis-
tant planets.
Infrared spectroscopy of CH4 is complex due to
the high symmetry of the molecule and the polyad
structure which arises from close-lying vibrational
levels (Boudon et al. 2006). CH4 is a tetrahedral
molecule (Td symmetry) and is a classic example of
a spherical top. There are 3N−6 = 9 infrared modes
with four stretches and five bends. The four C–H
stretches correspond to a symmetric a1 stretch (ν1
at 2916.481 cm−1) and a triply degenerate t2 anti-
symmetric stretch (ν3 at 3019.493 cm
−1). The five
bends correspond to a doubly degenerate e bend-
ing mode (ν2 at 1533.333 cm
−1) and a triply de-
generate t2 bending mode (ν4 at 1310.761 cm
−1).
The spectroscopic constants of CH4 are summarised
in Table 1 (Albert et al. 2009; Herzberg 1991) and
only the ν3 and ν4 fundamental modes are nomi-
nally infrared active; however, it is possible for other
modes to gain intensity through strong interactions
within the polyad structure. The interesting polyad
structure of the infrared spectrum of CH4 arises
because the bending frequencies are approximately
equal (ν2 ≈ ν4), the stretching frequencies are also
approximately equal (ν1 ≈ ν3) and approximately
twice the bending frequencies (Albert et al. 2009).
For example, the pentad region near 3 µm has 5 vi-
brational bands since ν1 ≈ ν3 ≈ 2ν2 ≈ 2ν4 ≈ ν2+ν4.
CH4 has also frequently been the target of high
quality theoretical calculations based on the so-
lution of the vibration-rotation Schro¨dinger equa-
tion (Wang & Sibert 2002; Wang & Carrington
2004; Cassam-Chena¨ı 2003) using ab initio poten-
tial energy surfaces (Schwenke & Partridge 2001;
Schwenke 2002; Nikitin et al. 2011). The accu-
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Table 1
The fundamental infrared modes of CH4
Mode Degeneracy Band Origina (cm−1) Type
ν1 (a1) 1 2916.481 Symmetric C–H Stretch
ν2 (e) 2 1533.333 Bend
ν3 (t2) 3 3019.493 Antisymmetric C–H Stretch
ν4 (t2) 3 1310.761 Bend
aTaken from Albert et al. (2009).
racy of vibration-rotational calculations are typ-
ically far from experiment; however, recent cal-
culations of nominally forbidden pure rotational
lines (Cassam-Chena¨ı & Lie´vin 2012) are able to
approach experimental accuracy.
Albert et al. (2009) have reported a study of
CH4 in the 0 – 4800 cm
−1 region and these lines
form the basis of the HITRAN 2008 database
(Rothman et al. 2009). Extensive work has been
carried out in Grenoble including the prepara-
tion of a cold CH4 line list (Mondelain et al. 2011;
Wang et al. 2011, 2012; Campargue et al. 2012a)
which has been successfully applied to the atmo-
sphere of Titan (Campargue et al. 2012b). Recently
focus has shifted to the generation of hot line lists
for use in brown dwarfs and exoplanet models, ei-
ther from ab initio calculations (Warmbier et al.
2009) or from experiment (Nassar & Bernath 2003;
Perrin & Soufiani 2007; Thie´vin et al. 2008).
Radiative transfer models are typically used
to identify molecules in the atmospheres of exo-
planets (Swain et al. 2008). Adaptations for hot-
Jupiter atmospheres include known strongly absorb-
ing molecules (i.e. H2O and CH4) and one of the op-
tions for CH4 has been the HITRAN 2008 database
(Rothman et al. 2009) combined with experimental
data obtained by Nassar & Bernath (2003). HI-
TRAN covers a broad spectral range but is in-
tended for room temperature applications whereas
the Nassar & Bernath (2003) data are only recorded
at three higher temperatures (800, 1000 and 1273
K). This limits the accuracy of the modeled SEDs
and leads to errors in deriving effective temperatures
(Hauschildt et al. 2009). We hope to address this
issue by providing a series of high-resolution, hot
CH4 line lists at temperatures relevant to exoplanet
and brown dwarf atmospheres with the inclusion of
empirical lower state energies where possible. This
work will cover the dyad (ν2, ν4), pentad (ν1, ν3,
2ν2, 2ν4, ν2 + ν4) and octad (3ν2, 3ν4, ν1 + ν2,
ν1 + ν4, ν3 + ν2, ν3 + ν4, 2ν2 + ν4, ν2 + 2ν4) re-
gions of the infrared including numerous hot bands.
Similar work has already been carried out on NH3
(Hargreaves et al. 2011, 2012). Our data sets, and
molecular opacities derived from them, can be used
directly in exoplanet and brown dwarf models.
2. EXPERIMENTAL METHOD
High-resolution laboratory emission spectra of
hot CH4 were recorded in four separate parts in or-
der to maximise the signal-to-noise for each spec-
tral region. The four spectral regions are shown in
Figure 1 for 1000◦C. A similar setup was used in
our previous work on NH3 (Hargreaves et al. 2011,
2012) and only key experimental features will be
summarized here.
The experiment coupled a Fourier transform in-
frared (FT-IR) spectrometer with a temperature
controllable tube furnace capable of maintaining
stable temperatures up to 1400◦C with an accuracy
±10◦C. The tube furnace surrounds the central por-
tion of an alumina (Al2O3) tube which is sealed at
both ends by infrared windows. CH4 gas is allowed
to flow through the alumina tube at a stable pres-
sure in order to avoid the build up of impurities.
The infrared emission from the alumina tube was
focussed onto the aperture of the FT-IR spectrom-
eter using a lens. The small region between the
spectrometer and tube furnace was purged with dry
air in order to minimize H2O absorption lines in the
recorded spectra. Table 2 contains the experimental
parameters used for all four regions.
Spectra were recorded at 100◦C intervals between
300 and 1400◦C for regions A, B and C and between
500 and 1300◦C for region D as this was the tem-
perature coverage of observable CH4 emission. Each
region was limited using an appropriate filter chosen
to allow for overlap between neighbouring regions.
The resolution of each spectral region was based on
the Doppler and pressure broadening widths, and
3
Fig. 1.— High-resolution laboratory emission spectra of CH4 at 1000
◦C for all four regions (black) with the
corresponding normalized instrument response function (blue). The baseline is caused by residual thermal
emission from the tube walls and a small amount of absorption due to cold CH4, CO2 (ν3 near 2350 cm
−1) and
H2O can be seen.
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Table 2
Experimental conditions
Region A Region B Region C Region D
Total file coverage (cm−1) 600–1900 1000–3000 1500–5000 2500–8000
Temperature Range (◦C) 300–1400 300–1400 300–1400 500–1300
Detector MCT MCT InSb InSb
Beam Splitter KBr CaF2 CaF2 CaF2
Windows KRS-5 CaF2 CaF2 CaF2
Lens ZnSe CaF2 CaF2 CaF2
Total scans 240 300 300 800
Resolution (cm−1) 0.01 0.015 0.015 0.02
Aperture (mm) 2.5 2.5 2.5 1.7
CH4 pressure (Torr)
a 4.0 4.0 4.0 60.0
Zero-fill factor ×16 ×16 ×16 ×16
aThis is an average pressure to the nearest 0.1 Torr.
was selected to minimize the acquisition time whilst
maintaining the maximum line resolution.
The temperature of the tube furnace was mea-
sured and maintained at high temperatures using a
thermocouple combined with a programmable con-
troller. The ends of the alumina tube required cool-
ing to avoid damaging the rubber o-rings (which
maintain the pressure seal) and the consequence of
this is a temperature gradient within the tube. The
observed infrared emission spectra are dominated
by the high temperature central portion of the tube
(see Figure 1) and the emission lines are assumed to
be formed at the same temperature as the furnace.
The emission lines in each spectrum were picked
using the programWSpectra (Carleer 2001) and the
line intensity of each line was obtained by fitting a
Voigt line profile. The number of CH4 emission lines
recorded for each region is given in Table 3.
A system response function was measured for
each region by recording a blackbody spectrum
emitted from a graphite rod placed at the centre
of the the alumina tube (i.e., at the centre of the
furnace). This accounts for the relative contribu-
tion of the system (e.g., windows, lens, filters, etc.)
to the intensity of the observed lines. The spectrum
is compared to a theoretical blackbody at the tem-
perature of the furnace and then normalized. These
instrument response functions are shown in Figure 1
along with the CH4 emission lines at 1000
◦C.
It was necessary to calibrate both the wavenum-
ber scale (x-axis) and the intensity scale (y-axis) us-
ing the HITRAN line list. The wavenumber scales
were calibrated by selecting 20 strong, clear, sym-
metric lines and averaging the correction factor.
Each temperature spectrum had similar calibration
factors and typical values (for the 1000◦C spectra)
were 1.000001351 for region A, 1.000001677 for re-
gion B, 1.000001051 for region C and 1.000000091
for region D. This results in a typical shift of 0.005
cm−1 at 3000 cm−1 for the ν3 band. We there-
fore expect the accuracy of each each line list to be
±0.005 cm−1 or better.
The intensity scales have also been calibrated ac-
cording to HITRAN. First, each emission line list
was converted into an arbitrary absorption scale to
make them comparable to the intensities of the lines
contained in HITRAN. This method has previously
been used by Nassar & Bernath (2003) and more
recently by Hargreaves et al. (2011, 2012) by using
the equation
Sa =
Se
ν3 exp
(
− hν
kT
) , (1)
where Sa/Se is the intensity of the absorbed/emitted
line, ν is the frequency and T is the temperature.
Each line list was then put onto the same inten-
sity scale as recorded by region A, and comparisons
to HITRAN were made. The HITRAN lines had to
be scaled to the appropriate temperatures using
S′ = S′0
Q0
Q
exp
(
Elow
kT0
−
Elow
kT
)
 1− exp
(
−hν10
kT
)
1− exp
(
−hν10
kT0
)

 ,
(2)
where S′ is the intensity, Q is the partition function,
T is the temperature, ν10 is the line frequency and
Elow is the empirical lower state energy (Bernath
2005). A zero subscript refers to the same parame-
ters but at the reference temperature. The partition
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Table 3
Observed emission lines of CH4
Temperature (◦C) Region A Region B Region C Region D Total
300 4,365 2,589 4,118 - 11,072
400 6,656 3,566 7,752 - 17,974
500 7,950 4,725 9,438 5,242 27,355
600 9,524 6,021 14,109 7,766 37,420
700 10,381 6,344 15,376 10,067 42,168
800 11,189 6,951 19,297 12,696 50,133
900 11,607 7,276 21,148 14,688 54,719
1000 12,005 7,889 21,042 16,563 57,499
1100 12,105 7,667 21,850 16,062 57,684
1200 12,368 7,637 22,511 10,269a 52,785
1300 12,235 8,118 23,332 9,640a 53,325
1400 12,510 6,095b 10,590b - 29,195
aThese spectra were contaminated by C2H2 and C2H4 emission lines and have not
been included in our analysis as the impurity lines could not be completely removed.
bThese spectra were unusually noisy and as a result the number of lines observed
is reduced.
functions can be found in Table 4 and were calcu-
lated for each temperature using the TIPS 2011.for
program (Laraia et al. 2011) based on calculations
made by Wenger et al. (2008).
Wavenumber matches between our data and
the temperature-scaled HITRAN lines were made
(±0.005 cm−1) and these intensities were compared.
A calibrating factor could then be deduced but as
the frequency increased, the intensity calibration
factors became larger and more inconsistent. Re-
gions A, B, and C could all be matched without
difficulty since these regions cover strong emission
bands; however, region D proved to be a problem.
In the end, it was decided that an intensity calibra-
tion function could be extrapolated into region D
based on the matches from regions A, B and C. The
intensity calibration used to convert the observed
arbitrary intensity (S′
arb
) to intensities in HITRAN
units (S′
H
) is
S′
H
= [a(ν˜)2 + bν˜ + c]S′
arb
, (3)
where ν˜ is in cm−1 and S′
H
is in cm molecule−1. The
calibration function is temperature dependent and
was applied to all regions, the constants are given
in Table 5.
Each region had to be combined to form a com-
plete line list at each temperature. The optical fil-
ters used during the acquisition of each spectrum
allowed the regions to overlap; the common lines in
the overlapping regions have been used to bring all
regions onto the same scale. The number of emis-
sion lines in the final line lists were maximized by
appropriately choosing to combine the regions at
1500, 1830 and 3350 cm−1. Because emission lines
were only recorded above 960 cm−1 and region D
was intentionally truncated at 5000 cm−1, the spec-
tral regions are 960 – 1500 cm−1 (region A), 1500 –
1830 cm−1 (region B), 1830 – 3350 cm−1 (region C)
and 3350 – 5000 cm−1 (region D), i.e., 960 – 5000
cm−1 in total.
The emission lines for each temperature were
compared to all other temperatures and all match-
able lines were identified (±0.005 cm−1). It is then
possible to calculate the empirical lower state en-
ergy (Elow) of each line by rearranging Equation 2
so that
ln
(
SQR0
S0Q0R
)
=
Elow
kT0
−
Elow
kT
, (4)
where
R0 = 1− exp
(
−
hν10
kT0
)
. (5)
The slope of points plotted using Equation (4) for
each line yields the Elow and an example of this cal-
culation is shown in Figure 2 for five CH4 emission
lines present at all temperatures.
This then forms the basis of the temperature de-
pendant line lists which contain calibrated line po-
sitions (ν˜ in cm−1), calibrated line intensities (S′
in cm/molecule) and empirical lower state energies
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Table 4
Methane partition function
Temperature (K) Partition Functiona
296 590.52
573 1,856.19
673 2,648.82
773 3,745.99
873 5,267.13
973 7,372.47
1073 10,276.30
1173 14,266.42
1273 19,723.43
1373 27,161.91
1473 37,273.63
1573 50,996.68
1673 69,611.60
aCalculated using the TIPS 2011.for pro-
gram (Laraia et al. 2011) based on calcula-
tions made by Wenger et al. (2008).
Table 5
Wavenumber calibration functions
Temperature a b c
(◦C) (/1012 cm3 molecule−1) (/1015 cm2 molecule−1) (/1018 cm molecule−1)
300 2.92 -9.75 12.00
400 1.48 -2.15 4.98
500 2.82 -6.67 9.03
600 3.62 -9.87 12.30
700 4.04 -10.70 13.30
800 2.56 -3.35 6.02
900 3.24 -6.17 8.63
1000 4.87 -12.40 14.20
1100 4.00 -7.77 9.33
1200 4.07 -7.18 7.95
1300 5.06 -12.00 12.60
1400 4.68 -7.48 7.29
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Fig. 2.— Natural logarithm of the intensity ra-
tios of five lines present in all 12 spectra are plot-
ted against 1/kT (in cm), where T is the tem-
perature. The slope of each line directly yields
the empirical lower state energy (in cm−1) and for
the lines plotted: Elow [1] = 1364.00 cm
−1 (red),
Elow[2] = 1590.79 cm
−1 (orange), Elow [3] = 1644.41
cm−1 (green), Elow [4] = 1879.95 cm
−1 (blue), and
Elow[5] = 2036.83 cm
−1 (purple).
(Elow in cm
−1). It was necessary to incorporate
missing HITRAN lines into these line lists as ex-
plained in the results.
3. RESULTS
Using our method to calculate the Elow values,
it is possible to identify the dyad, pentad and octad
infrared regions of CH4 in the plots of Elow versus
wavenumber (Figure 3).
The two most striking features are the ν4 region
(dyad) around 1300 cm−1 and the ν3 region (pen-
tad) around 3020 cm−1. The ν4 region contains lines
of the fundamental ν4 bend and distinct 2ν4 − ν4
and 3ν4− 2ν4 hot bands at a Elow of 1300 and 2600
cm−1 respectively. The ν3 region contains a strong
P -, Q-, and R-branch of the ν3 + ν4 − ν4 hot band
above a Elow of 1300 cm
−1 and parts of the funda-
mental P -, and R-branch of the ν3 mode. Another
hot band, possibly the 2ν3−ν3, can be seen above a
Elow of ∼3000 cm
−1. Less obvious but still present
are tentative observations of the Q-branch of the
‘forbidden’ ν2 fundamental bend at approximately
1530 cm−1. Also present are features of the ν3 + ν4
combination region (octad) around 4300 cm−1, al-
though the features in this region are less distinct
as it is congested by many other bands. Compar-
isons to HITRAN for this region shows a complex
band structure as expected due to the high density
of transitions.
There is reasonable agreement between the em-
pirical Elow values and the HITRAN Elow values
(Figure 3) within the ν3 and ν4 region. A hot
band at a lower state energy of approximately 3000
cm−1 in the pentad region (tentatively assigned the
2ν3− ν3 hot band) is absent in HITRAN and is not
very well defined in our data. We have observed
emission lines with higher rotational levels than are
present in HITRAN which is most apparent in the
vicinity of the ν3 region. The HITRAN database
clearly contains many CH4 lines, but the majority
of Elow values have been obtained from calculations;
these Elow values are visible in Figure 3 as horizon-
tal ‘stripes’ which correspond to the distinct rota-
tional levels.
Our method is also able to distinguish rotational
structure of the branches of the ν3 fundamental
mode as shown in Figure 4. The rotational levels
of a rigid spherical top are given by BJ(J + 1) but
there is a (2J +1)2-fold degeneracy for each J (i.e.,
(2J +1) from the M quantum number and (2J +1)
from K). As the molecule rotates and distorts, the
K degeneracy is partly lifted and the lines show a
‘cluster-splitting’. Figure 4 highlights the observed
structure which can be seen in the calculated Elow
values of the ν3 region of CH4.
It is worth noting that points below an Elow of
approximately 1000 cm−1 are absent from Figure 3
due to the temperature gradient within the alumina
tube. The CH4 in the cooler ends of the tube ab-
sorbs the low-J emission lines of the fundamental
bands and accounts for the fact that only high-J
levels are seen in the branches of the ν3 mode as
shown in Figures 3 and 4.
Self-absorption appears in our emission spectra
as either complete absorption, resulting in a missing
line, or as partial absorption which gives a distinc-
tive double peak (Hargreaves et al. 2011). In order
to provide more complete line lists we have added
the missing lines from HITRAN to our line lists∗.
We therefore incorporate HITRAN lines (±0.0025
cm−1) with an intensity greater than that of a
threshold value at each temperature. Our sensitiv-
ity decreases toward higher wavenumbers (regions
A, C and D from Figure 1) and as a result the cut-
off threshold is not a constant and changes over each
region in order to match the sensitivity of the obser-
vations. The effect of adding HITRAN lines to our
∗This was the source of the original error. The correct data
is presented here and is also available as an erratum (2013,
ApJ, 774, 89, doi:10.1088/0004-637X/774/1/89).
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Fig. 3.— Comparison of the empirical lower state energies (top panel) with the HITRAN lower state energies
(bottom panel). The dyad (ν4 region), pentad (ν3 region) and octad (ν3 + ν4) regions are clearly visible.
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(a) Cluster splittings and Elow values from HITRAN
(b) Cluster splittings and empirical Elow values
Fig. 4.— Cluster splitting of the P -branch lines of the ν3 mode of CH4. Panel (a) contains the HITRAN Elow
values plotted with the scaled HITRAN lines at 1000◦C and panel (b) contains the empirical Elow values plotted
with the calibrated lines at 1000◦C. The grey scale of the Elow value is taken from the intensity of the line at
1000◦C.
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Fig. 5.— Comparison of line intensities at 1000◦C
with the values for corresponding lines (within
±0.0025 cm−1) recorded by Nassar & Bernath
(2003) at 1273 K.
line lists is shown in Table 6 which lists the added
HITRAN lines and the observed emission lines. In
order to avoid double counting of lines, all lines in
the emission line list within ±0.0025 cm−1 of a HI-
TRAN line (with an intensity above the selection
threshold) were deleted and replaced by the HI-
TRAN lines.
Comparisons made with Nassar & Bernath (2003)
at 1000◦C (±0.0025 cm−1) suggest our intensities
are accurate to within a factor of two (Figure 5).
To estimate the error in the empirical Elow values
they were compared to those found in HITRAN for
a number of lines which occur in both data sets.
Table 7 shows that the percentage difference be-
tween the empirical Elow calculation and HITRAN
for the lines plotted in Figure 2 is less than 10 %.
The examples shown are lines which appear in all
spectra and as a result are the most reliable. These
particular lines have also been removed from our
final line lists because they coincide with HITRAN
lines. As the number of points used to calculate the
lower state energy decreases, the error increases. It
is therefore difficult to quote an overall error for
our Elow values but we aim to represent the error
by the inclusion of a quality factor within the line
lists. ‘H’ signifies that the line position, intensity
and lower state energy has been inserted from the
HITRAN database. ‘1’ means that the lower state
energy has been calculated from the intensities of a
line that appears in 10 or more spectra. ‘2’ refers
to any line which appears in 6 to 9 spectra and ‘3’
denotes that the lower state energy has been deter-
mined from 3 to 5 spectra. Finally, a ‘0’ indicates
that the lower state energy could not be determined
from the spectra available; in this case it means
that the line occurs in less than 3 spectra in total.
It should be noted that for region D a maximum
quality factor of only ‘2’ is achievable. An extract
of the hot CH4 line list at 1000
◦C is displayed in
Table 8, the complete line lists are available from
the website of the Astrophysical Journal†.
4. DISCUSSION
We have produced CH4 line lists which can be
used at temperatures from 300◦C to 1400◦C. The
calibration of the wavenumber scale for each spec-
trum was done by making wavenumber comparisons
of 20 lines to the HITRAN database and this gives
an overall accuracy of better than 0.005 cm−1. The
wavenumber calibration is straightforward but in-
tensity calibration is more difficult. Line intensi-
ties are notoriously hard to calibrate and our cali-
bration was made by comparing as many lines as
possible to the HITRAN database. Our overall
line intensity accuracy is estimated to be approx-
imately a factor of two. Intensity matches for lower
wavenumbers (regions A and B) were good and al-
lowed a consistent calibration function to be deter-
mined. Each region overlapped the neighbouring
region with enough emission lines to place all re-
gions on the same scale. For region D the intensity
matches with HITRAN were effectively absent so
a calibration factor could not be determined from
this region alone. Since all regions are on the same
scale, the calibration function was extrapolated into
region D. In order to validate our extrapolation we
were able to compare our 1000◦C spectrum with the
equivalent 1273 K spectrum from Nassar & Bernath
(2003). The matches (±0.0025 cm−1) can be seen
in Figure 5 and show a clear intensity correlation to
within a factor of two which gives confidence in the
calibration applied. The slope is present because
the Nassar & Bernath (2003) calibrations were per-
formed using a single factor whereas the calibration
used here is a parabolic function.
It is difficult to estimate an error for the empirical
Elow values presented here because self absorption
causes inaccurate intensities resulting in inaccurate
empirical Elow values. This means comparisons can
only be made between emission lines removed from
the line lists and lines inserted from the HITRAN
database. Comparison of the Elow values of the five
lines in Figure 2 can give a false impression of the
accuracy, as in Table 7. A better estimate can be ob-
tained by plotting the ratio of Elow from HITRAN
†(2013, ApJ, 774, 89, doi:10.1088/0004-637X/774/1/89)
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Table 6
Line list summary
Temperature (◦C) Observed Lines Added HITRAN Lines Total Lines
300 3,255 9,120 12,375
400 6,542 14,803 21,345
500 12,437 21,518 33,955
600 19,247 29,471 48,718
700 23,644 31,249 54,893
800 30,368 37,708 68,076
900 34,929 38,218 73,147
1000 37,706 38,559 76,265
1100 39,485 39,613 79,098
1200 28,532 30,419 58,951
1300 30,189 28,218 58,407
1400 19,788 17,067 36,855
Table 7
Empirical lower state energy errors
Linea
Wavenumber Calculated Elow
b HITRAN Elow Difference
(cm−1) (cm−1) (cm−1) %
ν˜[1] 1313.30 1364.00 1336.88 2.0
ν˜[2] 3072.57 1590.79 1494.72 6.4
ν˜[3] 1323.51 1644.41 1639.18 0.3
ν˜[4] 1304.20 1879.95 1780.71 5.6
ν˜[5] 1301.59 2036.83 1976.72 3.0
aThese lines are displayed in Figure 2.
bAs shown in the slope of the lines in Figure 2.
Table 8
Extract of the 1000◦C hot CH4 line list
a
Temperature Wavenumber Intensity Elow Quality
(◦C) (cm−1) (cm molecule−1) (cm−1) Factor
... ... ... ... ...
1000 1343.952393 4.21E-22 3.29E+03 1
1000 1343.962722 1.31E-23 1.82E+03 H
1000 1343.974972 1.98E-23 2.17E+03 H
1000 1343.980835 8.99E-23 3.08E+03 2
1000 1343.982910 8.99E-23 2.78E+03 1
1000 1343.992990 2.85E-23 1.93E+03 H
1000 1344.015503 3.96E-23 5.20E+03 3
1000 1344.033569 1.19E-22 3.18E+03 1
... ... ... ... ...
aThe complete line list is available along with the erratum (2013, ApJ, 774,
89, doi:10.1088/0004-637X/774/1/89)
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Fig. 6.— Histogram showing the ratios of the HI-
TRAN Elow values to the empirical Elow values.
The vertical bars of the histogram have been shaded
to indicate the number of points with the quality
factors (QF) 1, 2 and 3.
compared to the empirical Elow values of the re-
moved lines (Figure 6 at 1000◦C). It clearly shows
that the most common value of the HITRAN Elow
/empirical Elow ratio is approximately one and that
the majority of empirical Elow values are accurate
to within 20 %. It can be seen that the most accu-
rate lines (with a quality factor of ‘1’) also display
the smallest spread as opposed to the least accu-
rate lines (quality factor of ‘3’). Figure 6 also shows
why it was necessary to remove these lines because
there is a tendency towards low ratios (< 1) due to
inaccurate line intensities caused by self absorption.
At high temperatures, thermal decomposition of
methane is expected (Thie´vin et al. 2008) and lower
intensities are indeed observed for our high tem-
perature spectra. The highest temperature spec-
tra recorded in region D (1200◦C and 1300◦C)
were contaminated by the absorption and emis-
sion of the products of thermal decomposition,
namely C2H2 and C2H4. Attempts have been made
to remove these species by using recent line lists
(Moudens et al. 2011; Rothman et al. 2009); how-
ever, the emission features could not be completely
removed. As this is the case, the hot CH4 emission
lines could not be distinguished from the products of
thermal decomposition and the 1200◦C and 1300◦C
files of region D have been excluded from our anal-
ysis.
Empirical Elow values have been determined pre-
viously using a similar method by our group for the
hot line lists of NH3 (Hargreaves et al. 2011, 2012).
It has also been used in the submillimeter regime
(Fortman et al. 2010) and on ‘cold’ CH4 in the in-
frared (Sciamma-O’Brien et al. 2009; Lyulin et al.
2010; Wang et al. 2012). Fortman et al. (2010) ob-
tained Elow values of an astrophysical ‘weed’ (ethyl
cyanide) using numerous cool (-40 – 140◦C) spectra.
Sciamma-O’Brien et al. (2009), Lyulin et al. (2010)
andWang et al. (2012) have used a similar approach
to study CH4 based on a small number of room tem-
perature and cold (∼80 K) spectra. The method
presented here uses a dozen ‘hot’ (300 – 1400◦C)
spectra which were recorded under conditions that
are similar to those found in the atmospheres of
brown dwarfs and hot-Jupiters. The use of a large
number of spectra improves the accuracy of the Elow
values. However a single spectrum takes us many
hours to record (including heating and cooling of
the system) so it is impractical to record many ad-
ditional spectra. Nevertheless, combining both hot
and cold CH4 line lists would help to complete the
knowledge of CH4 in the infrared.
Our method produces a relatively small number
of lines with high line position accuracy. An al-
ternative approach is to use ab initio calculations
which provide significantly more lines but the line
positions have much lower accuracy. The two meth-
ods are complementary and they can be combined
to produce a merged line list. Zobov et al. (2011)
have used the ab initio approach and were able to
assign quantum numbers to some of our new NH3
data; similar calculations are currently underway
for CH4.
The CH4 line lists are available as electronic
supplements via the website of the Astrophysical
Journal (2013, ApJ, 774, 89, doi:10.1088/0004-
637X/774/1/89) and spectra can also be provided
upon request. The line lists should be used at the
specified temperature; if a temperature is needed
between those provided, we recommend scaling the
lines using Equation 2. Only line lists from this
erratum should be used.
5. CONCLUSION
Experimental line lists of hot CH4 have been
provided which contain calibrated wavenumbers (in
cm−1), calibrated intensities (in cm molecule−1)
and empirical lower state energies (in cm−1). The
line lists were based on 12 emission spectra recorded
at 300 – 1400◦C in 100◦C intervals using a FT-
IR spectrometer and cover the 960 – 5000 cm−1
wavenumber range. This range contains the dyad,
pentad and octad infrared regions of CH4. The line
lists can be used directly to model CH4 in brown
13
dwarfs and exoplanets. They also provide new ex-
perimental data for comparison with theoretical pre-
dictions.
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